Topoisomerases release torsional stress or resolve catenation problems in DNA by cleaving DNA strands and resealing them after changing their topological states [1] [2] [3] . During topoisomerase-catalyzed reactions, a transiently formed cleavage complex, in which the topoisomerase is covalently bound to DNA through a phosphotyrosine linkage, coordinates the cleavage and religation steps 4 (Fig. 1) . Failed topoisomerase reactions lead to a persisting DNA strand break with the enzyme stuck to the cleaved DNA end, and they are implicated in genome instability and carcinogenesis 5, 6 . Several classes of anticancer drugs target the cleavage complex of topoisomerases to induce the formation of such cytotoxic DNA lesions 1, 7, 8 . The recently identified DNArepair enzyme tyrosyl DNA phosphodiesterase-2 (Tdp2) is capable of hydrolyzing a 5′-phosphotyrosine linkage 9-11 , the bond formed by most types of topoisomerases including type II and type IA 1-4 . As expected from its enzymatic activity (Fig. 1) , Tdp2 has a critical role in cellular resistance to topoisomerase II-induced DNA damage and has been linked to chemotherapy resistance against etoposide 12 , an anticancer drug that inhibits type II topoisomerases 8 .
a r t i c l e s
Topoisomerases release torsional stress or resolve catenation problems in DNA by cleaving DNA strands and resealing them after changing their topological states [1] [2] [3] . During topoisomerase-catalyzed reactions, a transiently formed cleavage complex, in which the topoisomerase is covalently bound to DNA through a phosphotyrosine linkage, coordinates the cleavage and religation steps 4 (Fig. 1) . Failed topoisomerase reactions lead to a persisting DNA strand break with the enzyme stuck to the cleaved DNA end, and they are implicated in genome instability and carcinogenesis 5, 6 . Several classes of anticancer drugs target the cleavage complex of topoisomerases to induce the formation of such cytotoxic DNA lesions 1, 7, 8 . The recently identified DNArepair enzyme tyrosyl DNA phosphodiesterase-2 (Tdp2) is capable of hydrolyzing a 5′-phosphotyrosine linkage [9] [10] [11] , the bond formed by most types of topoisomerases including type II and type IA [1] [2] [3] [4] . As expected from its enzymatic activity ( Fig. 1) , Tdp2 has a critical role in cellular resistance to topoisomerase II-induced DNA damage and has been linked to chemotherapy resistance against etoposide 12 , an anticancer drug that inhibits type II topoisomerases 8 .
Although Tdp2 complements the activity of the extensively studied Tdp1, which is specific for the 3′-phosphotyrosine bond formed by the type IB topoisomerases [13] [14] [15] , the two classes of Tdp enzymes are mechanistically distinct from one another, and the substraterecognition mechanisms of Tdp2 remain unknown. Moreover, Tdp2 is a multifunctional protein, also known as TTRAP 16, 17 or EAPII (refs. 18-20) , which acts in signal-transduction and transcription regulation, but it is unknown how Tdp2 serves several seemingly unrelated roles in the cell. Beside its normal cellular roles, Tdp2 also has a role in the replication cycle of picornaviruses as a co-opted host factor that resolves the tyrosyl-RNA linkage formed between the viral RNA genome and the primer protein (VPg) 21 . Thus, identification of specific Tdp2 inhibitors may lead to new therapeutics to treat cancer and various diseases caused by picornavirus infections. Here we performed structural and biochemical studies of Tdp2 from two different organisms in order to better understand Tdp2 functions and gain insights into its multifunctionality.
RESULTS

Tdp2 fold and active site structure
We determined crystal structures of the full-length Tdp2 from Danio rerio and C. elegans (hereinafter referred to as zTdp2 and cTdp2) at 1.66-Å and 2.35-Å resolution, respectively ( Table 1) . The zTdp2 structure was determined with one of the two molecules in the asymmetric unit in complex with DNA, revealing the mechanism of substrate recognition (Fig. 2) . In the zTdp2 crystals, the N-terminal 110-120 residues preceding the catalytic domain are poorly ordered and were not modeled in the electron-density map. The cTdp2 structure, however, reveals the overall architecture of the full-length Tdp2 molecule without DNA (Fig. 3) .
The catalytic domain of zTdp2 spans residues 120-369, accounting for approximately the C-terminal two-thirds of the polypeptide. The protein fold consists of a double layer of β-sheets sandwiched between α-helices (Fig. 2a) , resembling a family of Mg 2+ -or Mn 2+ -dependent endonucleases including DNaseI (ref. 22 ) and the apurinic-or apyrimidinic-site endonuclease 1 (APE1) 23 (Fig. 2c-e) . The active site residues of zTdp2 are readily identifiable from this structural conservation and include Glu161 and Asp271, corresponding to the catalytically important residues Glu152 and Asp262 of the human Tdp2, identified through mutation analyses 9, 11 . These residues are a r t i c l e s positioned at the bottom of a deep pocket along with other putative catalytic residues including Asn129 and His360 (Fig. 2c,f and Supplementary Fig. 1a,b) . The arrangement of the tetrad of active site residues of zTdp2 (Asn129, Glu161, Asp271, His360) resembles those for the corresponding residues of DNaseI (Asn7, Glu39, Asp168, His252; ref. 22 ) and human APE1 (Asn68, Glu96, Asp210, His309; ref. 23) , with r.m.s. deviation for the side chain atoms of 0.43 Å and 0.48 Å, respectively ( Fig. 2c-e) . The conserved active site architecture indicates that Tdp2 employs a divalent metal-dependent catalytic mechanism similarly to other members of this family 9, 24 .
Mode of single-stranded DNA binding
We found that, despite the similar domain folds and active site arrangements, zTdp2 binds DNA very differently from DNaseI or APE1 (Fig. 2c-e) . Unlike DNaseI and APE1, which bind to dsDNA substrates by using a broad and shallow DNA-binding face 22, 23 , Tdp2 has a deep and narrow groove leading to the enzyme active site. By soaking a single-stranded DNA (ssDNA) with 5′-phosphotyrosine modification (5′-Tyr-pTGCAGC-3′) into the zTdp2 crystal, we observed clear electron density for five bases of ssDNA with its 5′ end anchored in the active site ( Fig. 2a and Supplementary Fig. 1 ). The DNA bound to zTdp2 has a strikingly stretched-out conformation for the 5′-terminal bases, T1 and G2, occupying the narrow DNA-binding groove, with the following C3, A4 and G5 bases stacked on one another as in a double-stranded DNA (dsDNA). The structure shows that at least two nucleotides at the 5′ terminus of a DNA substrate need to be single-stranded (unpaired) to access the active site of zTdp2 (Fig. 2b) , which is similar to the double-nucleotide unpairing required for productive DNA binding to FEN1 (ref. 25) . This substrate requirement fits well with the expected structure of a trapped topoisomerase II reaction intermediate in which tyrosine is linked to a four-base 5′ overhang of a dsDNA 8 (Fig. 1b,c) , and it explains the recent observation that Tdp2 processes 5′-overhung substrates much more efficiently than blunt-end substrates 11 . The shallow grooves on the opposite side of the DNA-binding groove across the active site appear suitable to accommodate a topoisomerase-derived peptide linked to the tyrosine backbone (indicated by green arrows in Figs. 2c and 3d) .
zTdp2 interacts extensively with the bound ssDNA, making direct or water-mediated contacts with the backbone phosphates of all five nucleotides from the 5′ end as well as forming hydrogen bonds with the deoxyribose O4′ atoms of the T1, G2 and C3 positions (Fig. 4a,b) . In addition, Tyr318, which forms part of a side wall of the DNA-binding groove, stacks against the G2 base, stabilizing the stretched-out single-stranded conformation (Supplementary Fig. 1c) . Notably, except for the hydrogen bond that Arg321 makes with the C3 base in one of its two side chain conformers ( Fig. 4b and Supplementary  Fig. 1c) , the DNA interactions made by zTdp2 are all sequence independent, as expected for Tdp2's role in repairing 5′-phosphotyrosine adducts in a sequence-nonspecific fashion. In contrast to the welldefined electron density for the ssDNA up to the scissile phosphate bridging the 5′ end and tyrosine (Fig. 2a) , density for the tyrosine moiety was missing in the 1.66-Å-resolution map from a crystal soaked with the phosphotyrosyl DNA substrate in the absence of added metals or EDTA (Supplementary Fig. 1a ). As the observed geometry of the 5′-phosphate group in the active site was consistent with that expected for the cleaved product ( Fig. 2f) and we observed electron density for a putative divalent metal ion interacting with the 5′-phosphate and Glu161, it was suspected that residual metal ions in solution supported hydrolysis of the phosphotyrosine linkage. When Under normal conditions, religation of the cleaved DNA strands is highly efficient, and most of TOP2 is noncovalently bound to DNA as in a.
In the presence of anticancer drugs, such as etoposide, mitoxantrone, doxorubicin and daunorubicin, or food flavonoids, DNA damage or oxidative lesions, the cleavage complex accumulates and needs to be removed for DNA repair 1 . (c) Prior to Tdp2 activity, the cleavage complex needs to be denatured or proteolyzed to expose the DNA-5′-phosphotyrosyl bond. (d) Tdp2 releases the TOP2 polypeptide and leaves the 5′-phosphate end. (e) The DNA break may be repaired by direct ligation after annealing of the two ends with the 4-base-pair stagger or through double-strand break (DSB) repair mechanisms. npg a r t i c l e s the zTdp2 crystal was soaked with the phosphotyrosyl DNA substrate in the presence of added Mg 2+ , the resulting 1.73-Å resolution map was very similar to that described above, except that water molecules coordinating the Mg 2+ ion were better ordered ( Supplementary  Fig. 1b) , which confirmed that our zTdp2-DNA structure represents a product complex after tyrosine removal. Of note, clear density for the tyrosine moiety was still not observed when the soaking was done in the presence of 25 mM EDTA to inhibit the enzyme activity or with crystals grown using an inactive E161A mutant (Fig. 2g) , which in fact rendered the DNA electron density much weaker in both cases. These observations imply that the intact active site with a bound metal ion is required for the phosphotyrosyl-DNA substrate to bind stably. Although our data do not address whether zTdp2 makes specific interactions with the moiety linked to the 5′ terminus of a DNA substrate, the limited active site pocket space likely selects against bulkier hetero groups or additional nucleotides linked to the 5′ terminus (Fig. 2b,c) .
Tdp2 has a modular architecture
The crystal structure of cTdp2, unlike that of zTdp2 described above, allowed visualization of the whole Tdp2 molecule. The full-length cTdp2 has a modular architecture consisting of three parts, an extended N-terminal stretch without regular secondary structure elements, a small α-helical bundle domain and the C-terminal catalytic domain ( Fig. 3a and Supplementary Fig. 2) . The catalytic domain of cTdp2 resembles that of zTdp2: superimposable with an r.m.s. deviation of 0.89 Å over 222 Cα atoms (Fig. 3b) . The catalytic domains of Tdp2 consist of approximately 250 amino acid residues, for which zTdp2 and cTdp2 exhibit 32% sequence identity. The region outside the catalytic domain is not essential for the enzyme activity, as cTdp2 missing either the N-terminal 40 (cTdp2∆N40) or 107 (cTdp2∆N107) residues was as active as the full-length cTdp2 in an assay monitoring hydrolysis of the T5PNP substrate 26 (Supplementary Fig. 3 ). In addition, a crystal structure of cTdp2∆N107 refined at 2.07-Å resolution showed the same conformation of the catalytic domain as observed in the fulllength structure ( Supplementary Fig. 4, bottom) , confirming that the catalytic domain is a structurally and functionally independent entity. However, the amino acid sequence of the α-helical bundle domain is well conserved among Tdp2 orthologs (Supplementary Fig. 5 ), which suggests the structural conservation as well as the functional importance of this domain.
Despite a disordered linker between the α-helical bundle and the catalytic domain (residues 98-111), the connectivity could be established unambiguously on the basis of proximity of the broken ends within the crystal and the number of unresolved amino acid residues, and we modeled the full-length cTdp2 structure in a domainswapped arrangement. In this domain swap, the residues N terminal to the catalytic domain interact with the catalytic domain of two other molecules (Figs. 4c and 5a) . The most N-terminal segment (residues 21-40) inserts into the DNA-binding groove of one molecule and then into the active site pocket of another molecule, and the following α-helical bundle (residues 43-97) is tightly associated with the outer npg a r t i c l e s face of the catalytic domain through a hydrophobic interface. The interaction between the α-helical bundle and the catalytic domain buries a total of 1,242 Å 2 of accessible surface area (Fig. 5b) . Both the full-length cTdp2 and cTdp2∆N40 were found to be at least ten times more soluble than cTdp2∆N107, and they showed much increased apparent hydrodynamic radii in size-exclusion chromatography than cTdp2∆N107 (Fig. 5c) , consistent with the possibility that the α-helical bundle interacts in trans with the catalytic domain and covers a hydrophobic protein surface. Further supporting the role of the N-terminal residues in cTdp2 multimerization, small-angle X-ray scattering (SAXS) analyses, which can provide accurate conformations and assemblies in physiological solution conditions 27, 28 , showed that the full-length cTdp2 is dimeric, whereas cTdp2∆N107 is monomeric in solution (Fig. 5d,e) . The R g by Guinier analysis for the Similarities between the DNA-and peptide-binding modes As a result of the extensive domain swapping, the active center of cTdp2 is occupied by peptide segments; the N-terminal residues of two separate molecules form a pseudocontinuous stretch that traverses the enzyme active site (Fig. 3c,d) . On one side of the active site pocket (indicated by a green arrow in Fig. 3d) , the bound peptide occupies a shallow groove, possibly mimicking protein-backbone interactions made by a topoisomerase-derived peptide covalently linked to the phosphotyrosyl DNA substrate. On the opposite side (indicated by a yellow arrow in Fig. 3d) , the bound peptide occupies the DNAbinding groove (Fig. 4c) . Unexpectedly, we found strong similarities between the way in which cTdp2 binds the peptide and that in which zTdp2 binds DNA. In the zTdp2-DNA complex, the backbone phosphate groups of the nucleotides G2, C3, A4 and G5 interact with the basic side chains of Lys240, Arg275 and Arg303 as well as the main chain amide groups on the side wall of the DNA-binding groove opposite Tyr318 (Fig. 4a,b) . In the cTdp2-peptide complex, the side chains of Asp31, Glu26 and Glu24 and the main chain carbonyl group of Asp22 take the places of the backbone phosphates of the bound DNA, interacting with basic side chains Arg275 and Lys300 as well as the main chain amide groups (Fig. 4c) . In addition, the backbone atoms of Val25 form antiparallel β-sheet-like hydrogen bonds to anchor the peptide stretch in the DNA-binding groove of cTdp2, where carbonyl oxygen takes the place of the deoxyribose O4′ atom of the C3 position in the DNA bound to zTdp2. The peptide segment bound to cTdp2 makes unique contacts as well, including hydrogen bonds between His315 and Glu28. The binding of the short stretch of peptide that spans residues 21-28 in the DNA-binding groove (Fig. 4c) alone buries a total of 970 Å 2 of accessible surface area, highlighting the substantial contacts. 
DISCUSSION
The observed ssDNA mimicry by the N-terminal aspartate-and glutamate-rich stretch of cTdp2 suggests a specific mechanism for autoregulation, which is consistent with but distinct from other known cases of DNA mimicry 29 . However, we did not observe an inhibitory effect of the N-terminal residues in an assay employing either a 5′-phosphotyrosylated ssDNA substrate (Fig. 5f) or the substrate mimic T5PNP 26 ( Supplementary Fig. 3) , and the particular cTdp2 N-terminal sequence is not conserved (Supplementary Fig. 5 ). Therefore, it remains to be investigated whether the N-terminal region of Tdp2 acts in autoregulation of the enzymatic activity. Additionally, our finding that Tdp2's DNA-binding groove can accommodate an acidic polypeptide is notable, particularly in the context of the alternative functions of Tdp2 in signal transduction and transcription regulation. Tdp2 is part of various signaling cascades and interacts with multiple proteins, including the TGF-β receptor ALK4, Smad3, the TNF receptor CD40, TRAFs and the transcription factor ETS1 (refs. [16] [17] [18] . The acidic peptide-binding capability of Tdp2, along with hydrophobic interactions made by the α-helical bundle domain, may have roles in such protein-protein interactions or in recruitment of Tdp2 to DNA-lesion sites. We hypothesize that the DNA-binding groove of Tdp2 may bind to peptide stretches rich in acidic or phosphorylated residues, with the enzymatic activity perhaps involved in tyrosine dephosphorylation during cellular signaling. In summary, our collective results revealed the structure of Tdp2, the mechanisms of its substrate recognition and an unusual property of Tdp2 to bind an acidic polypeptide using its DNA-binding site in vitro. Our high-resolution crystallographic study serves as a framework for designing Tdp2 inhibitors useful in chemotherapeutic and antiviral applications and facilitates further experiments to interrogate in vivo functions of this multifunctional protein.
METhODS
Methods and any associated references are available in the online version of the paper.
Accession codes. The atomic coordinates and the structure factors have been deposited in the Protein Data Bank under accession codes 4F1H (zTdp2 with DNA), 4FPV (zTdp2 soaked with DNA in the presence of Mg 2+ ), 4GEW (full-length cTdp2; native crystal), 4F1I (full-length cTdp2; selenomethionine derivative) and 4FVA (cTdp2∆N107).
ONLINE METhODS
Protein purification and structure determination. All proteins were expressed as SUMO fusions from codon-optimized synthetic genes in the Escherichia coli strain BL21(DE3) and purified by nickel-affinity and size-exclusion chromatography. The His 6 -SUMO tag was removed by an Ulp1 treatment during purification. The purified proteins in 20 mM Tris-HCl, pH 7.4, 0.5 M NaCl and 10 mM DTT were concentrated by ultrafiltration to 10-30 mg ml −1 (full-length zTdp2 and cTdp2) or ~3 mg ml −1 (cTdp2∆N107) for crystallization. The full-length cTdp2 crystals were obtained by hanging-drop vapor diffusion at 20 °C against a well solution containing 15% polyethylene glycol (PEG) 6000, 0.3 M ammonium chloride and 0.1 M MES-NaOH, pH 6.0. cTdp2∆N107 was crystallized by using a well solution containing 30% PEG 3350 and 0.2 M sodium malonate (pH 5.0). The crystallization condition for zTdp2 consisted of 30% PEG 3350 and 0.2 M sodium tartrate. To obtain the zTdp2-DNA complex, zTdp2 crystals were soaked overnight with 0.5 mM of an HPLC-purified 5′-phosphotyrosylated 6-base oligonucleotide before being cryoprotected and flash cooled in liquid nitrogen. X-ray diffraction data were collected at the beamlines 24-ID-C and 24-ID-E of the Advanced Photon Source, or beamline 4.2.2 of the Advanced Light Source and processed using HKL2000 (ref. 30 ). The structure of cTdp2 was determined by the selenomethionine single-wavelength anomalous dispersion (SAD) phasing using PHENIX 31 . Eight selenium sites were found, from which the structurefactor phases were calculated with a mean figure of merit of 0.27 before density modification. The structure of zTdp2 was determined by molecular replacement with PHASER 32 by using the refined cTdp2 catalytic domain structure as a search model. Although the two zTdp2 molecules in the asymmetric unit have nearly identical structures ( Supplementary Fig. 4, top) , only one of them was found to be complexed with DNA. The DNA-binding groove of the second zTdp2 molecule is partially blocked by crystal-lattice contacts, which likely prevented DNA binding. The atomic models were built using COOT 33 and refined using PHENIX. Programs from the CCP4 suite 34 were used for various crystallographic calculations. The X-ray diffraction data and model-refinement statistics are given in Table 1 . Figures were produced by using PYMOL 35 . Electrostatic potentials were calculated by using APBS 36 . Buried surface areas were calculated by using CNS 37 , and the areas reported are the total (both partners) buried surfaces.
